Reduced-Moderation Water reactor (RMWR) is an innovative light water reactor developed by Japan Atomic Energy Research Institute (JAERI). The RMWR comprises tight-lattice fuel assemblies with gap clearance around 1.0 mm for reduction of the water volume ratio to achieve a high conversion ratio. It is important to evaluate the thermal margin of the tight-lattice core. Subchannel analyses are expected to be useful to prediction of critical heat flux (CHF) and to provide valuable information to supplement thermal hydraulic experiments. In the present study, to assess the applicability of subchannel analysis for tight-lattice cores, series of tight-lattice CHF experiments performed in JAERI were analyzed with COBRA-TF code.
I. Introduction
Japan Atomic Energy Research Institute (JAERI) has developed Reduced-Moderation Water Reactor (RMWR) 1, 2) as an innovative water reactor in conjunction with utilities and vendors since 1998. The RMWR is a light water cooled breeder reactor aiming at effective utilization of uranium resources, multiple recycling of plutonium, high burnup and long operation cycle, being based on the well-experienced LWR technologies. For reduction of water volume ratio to achieve a hard neutron spectrum and resulting high conversion ratio, the RMWR comprises tight triangular lattice fuel assemblies with the gap clearance around 1.0 mm. The design of the reactors ranges from BWR-type to PWR type. Among them, the high conversion ratio BWR-type reactor 3) has been thought to be the most promising concept. Figures 1 and 2 show the schematics of core and fuel assembly of the large-scaled high conversion ratio BWR-type RMWR. Distinctive features of the reactor core are highly tight and triangular lattice bundles, an axially double-piled flat core and high void fraction. The core averaged void fraction and the quality at the core exit are designed to be high values of 0.7 and 0.53, respectively.
The confirmation of thermal-hydraulic feasibility of such a tight-lattice core is one of the most important R&D items for the RMWR. For the current BWR developments, thermal hydraulic demonstration tests with full-scaled assembly test models have traditionally been performed. However, the full-scaled test for the RMWR is thought to cost too much, since the number of fuel rods contained in an assembly is around 200 and much larger than that of the current BWRs. It is required to establish an alternative viable design technology that can be applicable to various kinds of core designs and thermal hydraulic test sections.
Subchannel analyses is expected to be one of those technologies, since they played an important role in supporting experiments for practical LWR fuel bundles. However, fundamental knowledge for tight-lattice assemblies has not sufficiently been accumulated so far to establish phenomenological analysis models. Nakatsuka et al. 4) performed subchannel analysis of the tight-lattice CHF experiments performed in JAERI 5) . Yamamoto et al. 6) also carried out subchannel analysis of the tight-lattice critical power experiments conducted by Toshiba. Those subchannel analysis results showed that the flow distribution has a large influence on the critical power performance of the bundle and that it is important to precisely predict the flow distribution within the subchannels.
In the present study, boiling transition (BT) prediction performance of the subchannel analysis code COBRA-TF improved by JAERI 7) was assessed for the series of tight-lattice CHF experiments performed in JAERI 5, 8) . 5, 8) CHF experiments for the tight-lattice rod bundles have been conducted. The aims of the experiments are (1) to make clear the parameter effects on critical power, (2) to evaluate the existing design correlation, (3) to develop the high accuracy correlation and (4) to verify the detailed numerical analysis code. Figure 3 shows the schematic of the 7-rod test sections. Test section [A] was used to measure the fundamental characteristics of the CHF in a tight-lattice bundle. Axial power distribution was uniform. Test section [B] simulates the axial doubled-humped power distribution of the RMWR core. Gaps between rods of these test sections are 1.0 mm and 1.3 mm, respectively. The flow channel was surrounded by the flow shroud. The rods were fixed by the honeycomb-type grid spacers. The test sections were installed into the high pressure water circulating loop simulating the flow condition of the RMWR. The rods were indirectly heated by the AC power supply. CHF was measured parametrically under stable flow conditions. Experimental conditions are shown in Table 1 . The experimental conditions cover the normal and abnormal operation conditions of the RMWR. Nominal conditions were as follows: exit pressure=7.2 MPa, inlet subcooling =5K, mass velocity =400 kg/(m 2 s) and radial peaking factor =1.3. Radial peaking factor is a heat flux ratio of the center rod to the average in the bundle.
II. Outline of CHF Experiments in JAERI
Measured data were compared with a critical quality-boiling length correlation 9) for the tight-lattice core design. The results indicate that the predicted values with the correlation are almost the same as or smaller than the experimental data 5, 8) . Therefore, the correlation confirmed to be adequate to predict the CHF in the tight-lattice core. . Flowrate and enthalpy boundary conditions were set at the inlet and pressure condition at the outlet. In the calculation, BT was judged by heat transfer mode shift from nucleate boiling to transition boiling or single phase vapor.
Axially uniform heated bundle
First, CHF experiments with the test section [A] were analyzed.
Calculated critical powers are compared with the experimental data in Fig. 5 . COBRA-TF gives good prediction for mass velocity of around 500 kg/(m 2 s), while it underestimates the critical power for lower mass velocity and overestimates for higher mass velocity.
In the experiments, all BT point where the wall temperature rose was detected at the exit of the heated section. For the nominal radial peaking factor, BT was observed on the center rod. In the calculation, all the predicted axial BT position correspond with the experimental value, that is ,the outlet of the test section (node 34). However, BT occurred at outer subchannels. Figure 6 shows comparison of liquid film mass velocity in each subchannels. Calculated liquid film mass velocity at the outlet in the outer subchannel (Ch 3, 5) is less than that in the center subchannel (Ch 2) and BT takes places in Ch 3 or Ch 5. The amount of liquid film on the center rod was not properly evaluated, since Ch 2 is in contact with the center rod and two peripheral rods and thus the liquid film contained in the subchannel is averagely treated. For BT prediction, it is required to estimate the liquid film mass velocity more precisely.
Double-humped heated bundle
Next, CHF experiments with the test section [B] were analyzed. Figure 7 shows the predicted critical power and the experimental data for the double-humped heated section. The code gives good prediction of critical power for mass velocity of around 200 kg/(m 2 s), and overestimates for higher mass velocity.
In the experiments, BT position was not restricted to the bundle exit anymore. For low mass velocity condition, it easily occurs at the bundle exit, while for high mass velocity condition, it takes place near the exit of the upper heat-flux peaking region. In the calculation, the predicted axial BT position almost corresponds with the experimental value. However, the horizontal BT position differed again (Fig.8) .
For the same mass velocity, the double-humped heating condition gives a lower critical power than that of the axially uniform heating condition 8) . With a large axial peaking factor, the high local heat flux leads to a quick dryout of local liquid film, which consequently causes the occurrence of BT at a lower critical power and critical quality. However, the code cannot produce the tendency. The ratio of the predicted critical power to the experimental data (ECPR) is shown in Fig. 9 for the both test sections. ECPR for the double-humped test section is much higher than that for the axially uniform test section. Figure 10 shows the comparison between the experimental and calculated pressure distribution in test section [B] . It implies that for two-phase flow with higher power outputs, COBRA-TF overestimates pressure loss and predicts higher inlet pressure than the experimental data, while the prediction for single-phase flow is in good agreement with the experimental data.
IV. Discussion
To assess the influence of this discrepancy on the flow distribution within the subchannels, sensitivity analysis of two-phase multiplier were performed. Figure 11 shows the flow distribution in test section [A] calculated with original multiplier and with that divided by 10 as a sensitivity analysis. With smaller multiplier, the calculated flow distribution tends to be more uniformly. Then it is more likely for BT to take place in the center channel.
There is clearly a need to improve the constitutive equations for the tight-lattice configuration. Concerning the frictional pressure loss for two-phase flow in small diameter tubes, it was reported that the value of the two-phase multiplier decreases with decreasing the tube diameter 10) . With regards the tight-lattice bundle configuration, Tamai et al. 11) confirmed that the friction loss for the two-phase flow becomes smaller with the hydraulic diameter less than about 3 mm. This reason is due to the effect of the small equivalent diameter on the two-phase multiplier and the distribution parameter in the drift-flux model. They also pointed out that the friction loss for the single-phase flow in the tight-lattice configuration is smaller than that for a circular tube with the same hydraulic diameter.
V. Conclusion
Tight-lattice CHF experiments performed in JAERI for the development of the RMWR were analyzed with the subchannel analysis code COBRA-TF.
For the axially uniform heated tight-lattice rod bundle, COBRA-TF gives good prediction of critical power for mass velocity of around 500 kg/(m 2 s), while it underestimates the critical power for lower mass velocity and overestimates for higher mass velocity. Predicted axial positions of BT corresponded with those of the experiments axially. However, the predicted subchannel position was outer channels and differed from the measured position. For the axially double-humped heated bundle, the code gives good prediction of critical power for mass velocity around 200 kg/(m 2 s), and overestimates for higher mass velocity.
It turned out that when the coefficient tuned with the single phase test data is applied to two phase flow, COBRA-TF overestimates pressure loss and predicts higher inlet pressure than the experimental data.
Further studies will be carried out on the key factors which affect BT in a tight-lattice bundle system, such as flow distribution, droplet entrainment and deposition rates, spacer effects. More efforts should be made on precise prediction of flow distribution based on the accurate prediction of pressure loss. 
